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SDBS or Triton X-100 at sub-CMC concentrations enhances hexadecane solubilization due to aggregate formation mechanism. The sub-CMC aggregate size decreases with increasing surface excess of surfactant. 
Introduction

24
Today surfactants have been a chemical that is ubiquitously used in industries 25 and households. One well-known function of surfactants is to solubilize 26 hydrophobic organic compounds (HOCs), which has been widely made use of, 27 ranging from oily dirt removal from textiles for housekeeping to enhanced 28 remediation of soil or aquifer contaminated by HOCs. [1] [2] [3] Solubilization enhancement 29 of HOCs by surfactants has been the subject of many experimental and theoretical 30 studies, especially at concentrations above CMCs.
4-10 Critical micelle concentration 31 (CMC) is generally considered to be the concentration at which surfactant molecules 32 aggregate to form micelles. Micelles are considered to be of spherical shape, and the 33 size, shape, aggregation number, and stability of micelles vary according to 34 temperature, surfactant concentration, and solution chemistry.
11 It is typically 35 assumed that surfactants solubilize low-solubility compounds only at concentrations 36 higher than CMC, through partitioning into the hydrophobic core of micelles. 9, 12, 13
37
The results of some studies have shown, however, that solubilization 38 enhancement may also occur at surfactant concentration below the CMC. Zhang and 39
Miller 6 investigated solubilization of octadecane by rhamnolipid biosurfactant. 40
Solubilization of octadecane was enhanced by rhamnolipid at concentrations below 41 CMC, and the enhancement was much more significant than above CMC. Similar 42 results were observed for hexadecane solubilization in the presence of a 43 monorhamnolipid in our prior study.
14 Kile and Chlou investigated solubilization of 44 DDT by surfactant Triton and Brij, and enhancement of apparent DDT solubility 45 was also observed below the nominal CMC. 5 To our knowledge, the mechanisms for 46 these sub-CMC solubilization behaviors, for example the potential for aggregate 47 formation below CMC, have not been systematically investigated in prior studies. 48
Moreover, concerns about the ecotoxicology of surfactants, e.g. alkylphenol 49
ethoxylates (APEs) 15, 16 , has caused the implementation of strict emission controls 50
for APEs in various industrial and consumer applications.
17-20 Thus, the ability for 51 surfactants to achieve solubilization enhancement of HOCs at sub-CMC 52 concentrations is of importance for cost and ecotoxicology considerations. 53
In this study, solubilization of n-hexadecane in the presence of SDBS or Triton 54 X-100 surfactant was investigated, with a special focus on such behavior at 55 surfactant concentrations below CMC. SDBS and Trion X-100 were selected to 56 represent anionic and nonionic surfactant, respectively. In addition to hexadecane 57 solubility, characterizations of the potential aggregation of the surfactants, such as 58 aggregate particle size and zeta potential measurements and cryo-TEM-based 59 aggregate observation, were implemented. Finally, based on surfactant interface 60 adsorption theory, spherical aggregate assumption and surfactant mass balance, the 61 aggregation formation and surfactant partitioning mechanism was raised to interpret 62 the sub-CMC hydrocarbon solubilization. 63 64
Theoretical
At a given temperature, adsorption of surfactant to the hexadecane/aqueous 66 solution interface is related to interfacial tension and surfactant bulk activity as 67 expressed by the Gibbs adsorption equation. 21 In this study, the adsorption of ionic 68
and nonionic surfactant at the interface in the presence of swamping counterion 69 (electrolyte solution) can be described by equation (1) Triton X-100 (polyoxyethylene (10) isooctylphenyl ether, laboratory grade, purity > 113 98.0%), and hexadecane (purity > 99.0%) were purchased from Sigma-Aldrich (St. 114
Louis, Mo., U.S.). Selected properties and molecular structures of SDBS and Triton 115 X-100 are presented in Table 1 Chengde, China) using the Du Noüy Ring method. 23 In brief, 15 mL of surfactant 130 PBS solution was prepared in a 50 mL glass beaker. 15 mL of hexadecane was then 131 carefully added to the top of the surfactant solutions without disturbing the bulk 132 volumes. Before the interfacial tension was measured, the beaker was kept at 30°C 133 for half an hour to allow partition of surfactant to water-hexadecane interface to 134 reach equilibrium. The measurements were reproducible, with the difference of 135 duplicate measurements within ±0.2 mN/m. 136 137
Solubilization of hexadecane by surfactants 138
Solutions of SDBS and Triton X-100 with hexadecane were prepared in 139 triplicates using the following procedures. 50 μL of hexadecane was pipetted to a 140 25-mL glass flask, and the flask was rotated to spread the hexadecane on the bottom 141 of the flask. 10 mL of PBS solution of SDBS or Triton X-100 was then added to the 142 flask and incubated on a reciprocal shaker at 30°C , 120 rpm for 72 h to allow the 143 solubilization to reach equilibrium (result of a preliminary test showed that 144 hexadecane solubility does not change after 72 h). Then the flasks were held 145 stationary for 2 h to allow establishment of stable phase distributions. 4 ml of the 146 aqueous solution was separated and collected using the method described by Zhong 147 et al.
14 . 1 mL of the collected samples was removed for hexadecane concentration 148 measurement, and another 2 mL was used for measurement on size and zeta 149
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potential of the aggregate particles. The hexadecane concentration was measured 150 using gas chromatography (Agilent GC 6890N) following the procedures described 151
by Zhong et al. 14 . Samples with 8000 μM SDBS or with 1000 μM Triton X-100 152 were centrifugally filtered using 30KD ultrafiltration membrane (Millipore, 153 Darmstadt, Germany) followed by hexadecane concentration measurement in the 154 filtrate to check the partition of hexadecane. A control containing 10 mL surfactant 155 solution and no hexadecane was used to quantify loss of surfactant due to adsorption 156 to inner wall of the flasks. To examine the stability of solubilized hexadecane, 4 mL 157 of the solubilized hexadecane solution obtained with 50 μM SDBS or 25 μM Triton 158 X-100 were sealed and allowed to stand still for 48 hours. Then 3 mL of the solution 159
were again centrifugally separated using the method described by Zhong et al.
14 and 160 hexadecane concentration was measured. 161
The size and zeta potential of aggregate particles were measured using a 162 ZEN3600 Zetasizer Nano (Malvern Instruments, U.K.). The particle size was 163 determined through dynamic light scattering (DLS) at 633 nm with He-Ne laser, 164 which worked on 4.0 mV power. 1 mL of sample was loaded to the DTS-0012 cell 165 and kept at 30°C . The scattered light was collected by receptor at angle of 173° from 166 light path. The size of the aggregates was expressed in terms of hydrodynamic 167 diameter, which was calculated by using the software associated with the instrument. 168
To obtain the zeta potential of the aggregates, approximately 1 mL of sample was 169 loaded to the DTS1060 folded capillary cell and the electrophoretic mobility of the 170 CMCs of the surfactants were obtained using the method described by Zhong et 197 al. 25 . The CMC of SDBS is 612 μM, which is lower than in pure water (e.g. The interfacial tension data at surfactant concentrations below CMC were well 204 fitted by the logarithmic function described by Equation (3) (Fig. 2b) , and the 205 maximum interface excess of surfactant (Г max ) and the Langmuir constant (K) were 206 thus obtained. Minimal surfactant molecule area at interface (A m ) was calculated 207 using equation (7). The results are summarized in Table 1 . 208 209
Solubilization of hexadecane by surfactants 210
As shown in Table S1 
RSC Advances Accepted Manuscript
X-100 at concentrations of 25 and 1500 μM (Fig. S1, Supplementary Information) . 234 Also, the spherical aggregate assumption was confirmed by the sphere morphology 235 of the aggregates. Although three groups of particles with different size range (three 236 peaks in the intensity and volume of particles distributions (%) plots, Fig. S2) were 237 detected by DLS particle size measurement, almost 100% of the particles in 238 numbers are in the group of the smallest size (Figs. S2 and S3 ). This is consistent 239 with the results of the cryo-TEM measurements, in which only one group of 240 particles with similar size was observed (Fig. S1 ). For both surfactants, the particle 241 size decreases rapidly with increase of C 0 to approximately 200 μM, and then 242 stabilizes as C 0 continues to increase to above CMC (Fig.4) . 243
As shown in 
concentration C w of surfactants were calculated by applying equation (2) and (5) 276 using Г max and K previously obtained. 277
For both SDBS and Triton X-100, a linear relationship between the apparent 278 solubility of hexadecane, C hex , and the freely-dissolved surfactant monomer 279 concentration, C w , is observed with increase of C w to CMC (Fig. 6a) . This is similar 280 to the relationship between C hex and the total surfactant concentration, C 0 (Fig. 3) . 281
By comparing the slopes of C hex -C 0 profile at C 0 below CMC and C hex -C w profile 282 (0.84 versus 1.0 for SDBS, and 1.9 versus 2.5 for Triton X-100), the relative 283 distribution of the surfactant between the freely-dissolved and aggregate-associated 284 is calculated. The percentage of the aggregate-associated surfactant is approximately 285 16% and 23% of the total for SDBS and Triton X-100, respectively. 286
Changes of surfactant surface excess (Г) and molecule area (A) versus C w are 287 presented in Fig. 6b . For SDBS, a rapid increase of Г and decrease of A are observed 288 when C w increases from ~25 μM to ~150 μM. Further increase of C w causes 289 asymptotic approach of Г and A to Г max and A m , respectively. Conversely, there is 290 only a minor increase in Г for Triton X-100. Only very slight increase of Г and 291 decrease of of A are observed when C w was below ~80 μM. Г and A are more 292 sensitive to change of C w with a smaller K according to equation (2) and (7). The K 293 value for Triton X-100 is much larger than for SDBS (4.33×10 3 and 0.2×10 3 m 3 /mol, 294 respectively (Table 1) ). Thus, a more significant change of Г and A over a broader 295 range of C w occurred for SDBS. 296
As shown in Fig. 7, for indicates that the curvature of the aggregate surface increases with increasing 300 surface density of surfactant molecules. For SDBS, which has charged hydrophilic 301 head, as SDBS molecules approach each other (Г increases and A decreases) on the 302 aggregate surface, the electrostatic repulsion between charged heads of SDBS 303 becomes stronger. Such enhancement in electrostatic repulsion induces unequal rate 304 of approach for polar and hydrophobic moieties between molecules, and therefore 305 increase in aggregate surface curvature (Fig. 8) . Thus, the aggregate size, d, 306 decreases with increasing Г. Similarly, as the polar head of Triton X-100 molecule, 307 the polyoxyethylene chain, usually twists and curls, causing large actual molecule 308 radius 33 , the spatial steric repulsion between Triton X-100 polar heads may act in a 309 way similar to electrostatic repulsion between charged heads in SDBS molecules, 310 thus also causing an increase in surface curvature of aggregates (Fig. 8) . 311
Zeta potential is a function of particle size and surface charge density. hydrogen bond may be responsible for the negative zeta potential of the aggregates. 319
As Г increases, the Triton X-100 molecules become more compacted on the 320 aggregate surface, leaving less space for the anions to partition. Consequently zeta 321 potential increases. 322
For the standard surfactant solubilization conceptualization, enhancement of 323 HOC solubility requires surfactant concentrations higher than CMC. 28, [36] [37] [38] In 324 contrast, results in this study show that significant hexadecane solubility 325 enhancement takes place at surfactant concentrations lower than CMC and such 326 enhancement is related to formation of aggregates. In fact, the CMC measurement 327 using the general methods, e.g. the interfacial tension and conductometric methods, 328 is based on a pure-surfactant micelle formation mechanism. We speculate that the 329 presence of hexadecane has some influence on surfactant monomers activity through 330 the hydrophobic interaction between surfactant and hexadecane molecules, which 331 may be more significant than between surfactant molecules themselves. Thus, the 332 interaction between surfactant and hexadecane molecules may favor formation of 333 aggregates in priority to formation of pure-surfactant micelles, leading to 334 hexadecane solubilization enhancement below CMC. 335
When surfactant concentration in the aqueous phase is higher than CMC, the 336 surfactant molecules form micelles. Co-existence of hexadecane-SDBS aggregates 337 and SDBS micelles is observed with Cryo-TEM at high magnification (Fig. S4) Figure 1 Page 29 of 36 RSC Advances
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